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S-layer proteins create a cell-surface layer architecture in both bacteria and archaea. 
Because S-layer proteins self-assemble into a native-like S-layer crystalline structure 
in vitro, they are attractive building blocks in nanotechnology. Here, the potential 
use of the S-layer protein EAI from Bacillus anthracis in constructing a functional 
nanostructure is investigated, and apply this nanostructure in a proof-of-principle study 
for serological diagnosis of anthrax. EAI] is genetically fused with methyl parathion 
hydrolase (MPH), to degrade methyl parathion and provide a label for signal 
amplification. EAI not only serves as a nanocarrier, but also as a specific antigen to 
capture anthrax-specific antibodies. As results, purified EAI-MPH forms a single layer 
of crystalline nanostructure through self-assembly. Our chimeric nanocatalyst greatly 
improves enzymatic stability of MPH. When applied to the detection of anthrax- 
specific antibodies in serum samples, the detection of our EAI-MPH nanostructure 
is nearly 300 times more sensitive than that of the unassembled complex. Together, it 
is shown that it is possible to build a functional and highly sensitive nanosensor based 
on S-layer protein. In conclusion, our present study should serve as a model for the 


development of other multifunctional nanomaterials using S-layer proteins. 


1. Introduction 


In biological systems, a large number of nanostructures, 
including fibers, tubes, rings, cages, and viruses have been 
identified. These nanoarchitectures are formed through spon- 
taneous self-assembly of biomolecules such as nucleic acids, 


lipids, peptides, and proteins. Because these biomolecules self- 
assemble into uniform and ultrasmall units, they have been 
used in a wide range of applications in nanotechnology, where 
they are of great interest for developing nanoreactors, matrix 
scaffolds, nanocarriers, and other functional nanomaterials.) 
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The cell-surface layer (S-layer) is a self-assembled protein 
architecture that forms the outermost surface of some bacteria 
and archaea. The S-layer is composed of a single protein or gly- 
coprotein, with a molecular mass ranging from 40 to 230 kD, 
depending on its bacterial origin.!?] In different species, the 
S-layer consists of regular 2D crystalline arrays, exhibiting either 
an oblique (p1, p2), square (p4), or hexagonal (p3, p6) lattice 
symmetry. Previous studies have shown that S-layer proteins 
can self-assemble into a native-like S-layer crystalline structure 
on solid surfaces and interfaces.“ This self-assembling property 
of S-layer proteins might serve as prerequisite for their appli- 
cation in synthetic biology, biomimetics, and nanotechnology! 
It was reported previously that S-layers can improve the per- 
formance of certain electrodes, DNA microarrays, microchips, 
and cellular micropatterning.!*! Because of the high densities of 
their nanosized pores and the presence of chemical groups on 
their surface, S-layers were also reported to be useful for ultra- 
filtration as well as for the synthesis of inorganic nanocrystals.” 
Besides, specific proteins such as streptavidin, enzymes, and 
antibodies can be linked with S-layer proteins to construct ver- 
satile nanostructures with multiple functions.) During the last 
three decades, the knowledge of the defined crystal structures 
and the assembling process of S-layers has grown rapidly, it is 
now feasible to design novel S-layer-based lattices using com- 
putational design.!"! These reported studies have shown great 
interests on S-layer proteins for their self-assembly ability, as 
well as related physicochemical properties. However, many 
intrinsic biological characteristics of S-layer proteins were 
neglected, which will to some degree restrict applications of 
S-layer proteins in nanotechnology. 

The S-layer protein of Bacillus anthracis EA1 is the 
most active avirulent antigen in both serological and cellular 
reactions, with 861 amino acids and a signal peptide of 29 
amino acids at the N-terminal.!!°! This protein can induce 
anti-anthrax immune responses. In the process of infection, 
specific antibodies are produced in the host, conferring pro- 
tection against B. anthracis." Thus, it was previously sug- 
gested that it can be used to test for specific humoral and 
cell-mediated anti-anthrax immune responses.!"7] 

The aim of this study is to develop an S-layer-enzyme 
conjugate for high sensitive detection of anthrax antibodies. 
The enzyme we used is methyl parathion hydrolase (MPH), 
which was isolated from Pseudomonas sp. WBC-3,!!3l and 
shows good catalytic activity.!"4] In particular, it is a monomer 
in solution and its 3D structure is known. Because of these 
features, MPH is recommended as a new analytical enzyme!" 

In this study, we demonstrated successfully that EA1 self- 
assembled into an S-layer lattice structure in vitro, and con- 
structed an EA1-based 2D nanostructure containing MPH, 
which was arranged in an orderly fashion, allowing for the 
degradation of methyl parathion and the detection of anthrax 
antibodies. This nanostructure obviously enhances stability 
of enzymatic activity. This nanocatalyst possesses high detec- 
tion sensitivity, which is comparable to existing methods,!"®! 
and can be used as a model for other immunoassays. Here, 
we established a proof-of-principle that S-layer-based 
nanomaterials can be endowed with new functions by com- 
bining the self-assembly ability of S-layer proteins with their 
intrinsic biological characteristics. 
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2. Results and Discussions 


2.1. Construction of EA1,,, MPH, and EA1,,-MPH 


EA1 with a signal peptide of 29 amino acids truncation 
at N-terminal (EA13)) and its fusion protein with MPH 
(EA13>-MPH) were investigated for their expressions in 
Escherichia coli M15 by sodium dodecyl sulfate—polyacryla- 
mide gel electrophoresis (SDS-PAGE) analysis. As shown in 
Figure S (Supporting Information), EA1,,-MPH, EA1,9, and 
MPH were overexpressed as soluble forms in E. coli M15, 
and these proteins were obtained by His-Tag affinity purifica- 
tion (Figure S, Supporting Information). The molecular mass 
of purified proteins were 124 kDa, 90 kDa, and 34 kDa for 
EA13>-MPH, EA13,) and MPH, respectively, as shown by gel 
electrophoresis (Figure S, Supporting Information). 


2.2. Recrystallization of EA1,, and EA1,,-MPH In Vitro 


To test whether the truncated form EA13) possesses self- 
assembly properties in aqueous solution, we employed TEM 
analysis. The purified proteins were dialyzed in assembly buffer 
at either 25 °C or 4 °C for 5 or 12 h. Subsequently, the dialyzed 
proteins were placed on a TEM grid according to standard EM 
procedure (see Experimental Section). We found that these 
truncated proteins recrystallized under these conditions. When 
incubated at 4 °C for 12 h, EA1,, proteins formed the most reg- 
ular 2D crystalline arrays (data not shown). EA1,, proteins self- 
assembled into regular monomolecular layer (Figure 1a,b,e), 
with the unit cells displaying the following parameters: a = 
73 Å, b = 83 A, y= 112°. As shown in Figure 1, the sheet dis- 
played a nanostructure of p1 symmetry, which was identical 
to the previously reported structure of a natural S-layer in 
B. anthracis.l"! To identify which region within EA1 is essen- 
tial for its self-assembly, we truncated either 229 aa or 429 aa 
from both N-terminus and C-terminus, which were named as 
EA1y. 939, EAL y.439, and EA1c230, EA1¢.439. We found that only 
EA1,,.239 maintained the ability of self-assembly into mono- 
layers in solutions. However, this sheet had no clear and regular 
lattice structure (data not shown). These results indicated that 
deletion of these amino acids disrupted the self-assembly prop- 
erty of EA1. Therefore, only the truncated EA13,) was chosen 
as a carrier for subsequent experiments. 

Next, we combined MPH with EA1,ọ and tested if the 
self-assembly process still occurred. As shown in Figure 1f,g,j, 
EA1,.-MPH also formed a highly order monolayer, which 
showed the same pl symmetry as EA1,, alone with slightly 
altered unit cell parameters (a = 62 A, b = 71 A, y= 135°). 


2.3. MPH Activity and Stability of Recombinant Protein 
EA1,,-MPH 

The activity of recombinant MPH either alone or in complex 
with EA13) (EA13)>-MPH) was determined in both assembly 
buffer and control buffer. The control buffer was used to 
keep proteins in monomeric state and acted as an ideal 
buffer for enzymatic reactions. In the assembly buffer, EA139 
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Figure 1. Transmission electron microscopy (TEM) analysis of self-assembled S-layers of EA1; and EA13;.—MPH. a,f), respective S-layer sheets of 
EA1; and EA13.>—MPH; b,g), enlarged S-layer sheets of EA13, and EA1;,.—MPH; c,h), fast Fourier transforms of b,g); d,i), spot masks for maps c,h) 
obtained by FFT (fast Fourier transform) image filter; e,j), real maps from invert FFT of d) and i), which reveal the regular structure of the S-layer sheet 
of EA13, and the altered regular structure of the S-layer sheet of EA1;)—MPH, respectively. Scale bars: a,f) 500 nm, b,g) 50 nm, and e,j) 10 nm. 


and EA13)>-MPH proteins formed a monomolecular nano- 
structure with regular crystal lattices. As shown in Figure 2, 
EA13)-MPH exhibited similar MPH activity as monomeric 
MPH, both of which were diluted in the control buffer. 
Together, these results showed that fusion with EA1 had no 
significant impact on MPH activity of MPH. 

Next, we compared the activities of EA1,;,-MPH and 
MPH in the assembly and control buffers using a colorimetric 
assay. Our results showed that in the assembly buffer, both 
EA13.>-MPH and MPH displayed slightly decreased enzyme 
activity relative to control buffer. Presumably, this was due to 
the different concentrations of Ca? and the difference in pH 
value between these two buffers. 

To investigate the effect of storage temperature on the 
enzymatic activity of EAl,;,-MPH and MPH, the proteins 
were stored at 4 °C and at 37 °C, respectively, in the absence 
of preservatives. The enzymatic activity of MPH in control 
buffer at time-point zero was defined as 100%. At 4 °C, the 
assembled EA13,-MPH maintained 70% enzymatic activity 
over the course of 45 d, while the activities of monomeric 
EA13>-MPH and MPH were significantly decreased over 
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Figure 2. The methyl parathion hydrolase activity of EA13)—MPH 


and MPH. Assembly buffer: 10 x 10°? m CaCl,, 0.5 x 107? m tris—HCl, 
pH 9.0; control buffer: 0.5 x 107° m tris-HCl, pH 7.0. 
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the same time span (below 20%, see Figure 3a). At 37 °C, 
the assembled EA13,>-MPH form displayed a slow reduction 
in activity, reaching approximately 25% of starting activity. 
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Figure 3. Enzyme stability analysis. The enzyme stability of EA1;,.-MPH 
and MPH at a) 4 °C and b) 37 °C. Assembly buffer: 10 x 107° m CaCl, 
0.5 x 10-3 m tris-HCl, pH 9.0; control buffer: 0.5 x 10-3 m tris—HCl, 
pH 7.0. The enzyme activity of MPH in control buffer at O day was 
defined as 100%. 
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In contrast, the activities of monomeric 
EA13>-MPH and MPH were reduced to 
below 10% after only 2 d of storage (green 
and purple bars in Figure 3). Importantly, 
EAl, greatly increased the long-term 
stability of MPH upon assembly (red bar 
in Figure 3), relative to MPH alone in 
assembly buffer (blue bar in Figure 3), 
presumably because the rate of degra- 
dation of MPH molecules was greatly 
reduced upon incorporation into the EA1 
layer. In comparison, the monomeric pro- 
teins lost 90% of their enzymatic activity 
after 3 d of storage at 37 °C. 

In summary, in addition to the 
improved self-assembly, the enzyme sta- y 
bility of MPH was greatly increased by 
fusion to EA1. These results suggest that 
in theory, any enzymatic moiety can be 
incorporated into such a nanostructure in 
order to improve its overall activity as well 
as long-term stability. 
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2.4. EA1,,-MPH-Based Nanostructure for 
the Detection of Anthrax 
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Figure 4. Schematic illustration of the detection of anthrax antibodies with monomeric 


Since we showed that MPH activity is 
retained upon assembly in EA1 layer, we 
next wanted to test whether this nano- 
structure could be used to detect clinically relevant biomate- 
rial at improved sensitivity. Figure 4 shows the detection of 
anthrax antibodies with EA13,>-MPH. In this protocol, goat 
anti-mouse antibodies were immobilized on magnetic parti- 
cles to capture murine antibodies. Among these antibodies, 
the anti-EA1 antibodies were recognized by both mono- 
meric EA1,,-MPH and self-assembled EA1,,-MPH. After 
washing and mixing with methyl parathion, which is the sub- 
strate of MPH, the anti-EA1 antibodies were detected by 
determining the absorption at 405 nm or by color changes. 
In this work, mouse samples were used for proof-of-prin- 
ciple testing. However, the self-assembled EA13,.-MPH is 
also applicable for the detection of human and the other B. 
anthracis infected animals such as sheep, cattle, as long as 
the magnetic particles are conjugated with the appropriate 
secondary antibodies. 

As shown in Figure 5a, monomeric EA13,,-MPH detected 
purified antibodies at concentrations as low as 25 ng mL! 
within 1 h, while the self-assembled EA1,,.-MPH displayed 
a detection limit of about 0.1 ng mL7!. These data indicated 
that EA1,,>-MPH present in a crystalline structure improved 
the detection sensitivity by more than 250 times. As shown 
in Figure 5b, these changes were observed even without the 
use of any additional methods, other than by visual observa- 
tion. Crucially, our EA13;>-MPH S-layer displayed both supe- 
rior sensitivity over monomeric EA13,-MPH, as well as high 
signal specificity, indicating that the S-layer also prevented 
interference of other molecules present in complex biological 
specimen such as blood serum. As showed in Figure Sc,d, 
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a) EA13>—MPH and b) self-assembled EA13,.—MPH. 


the detection limit of antibodies by the self-assembled 
EA1,,-MPH in the serum sample was still 0.1 ng mL7!. 

Bindings of EA1;.-MPH sheet to antibodies conjugated 
magnetic particles were observed under transmission elec- 
tron microscopy. As shown in Figure 6, when EA1,.-MPH 
was assembled into a nanomembrane, a large piece of this 
sheet was captured by the conjugates of magnetic par- 
ticles and antibodies. Thus, the resulting ratio of signal 
(MPH) to conjugates was drastically increased in the case 
of nanomembrane when compared with the ratio achieved 
by monomeric EA13,>-MPH forms. The ensuing amplifica- 
tion greatly improved the sensitivity of this assay. Also, the 
formation of the nanomembrane creates a microenviron- 
ment, which increases the probability of interaction between 
anthrax antibody and EA1,,.-MPH, thus allowing for higher 
rates of signal generation. Together, these results convinc- 
ingly show that the EA1,.-MPH nanolayer displays a far 
higher detection sensitivity than monomeric EA1,,.-MPH. 
In summary, our novel nanostructure based on EA1,,-MPH 
units should greatly facilitate the diagnosis of anthrax on 
the basis of anthrax antibodies in serum samples, particu- 
larly because of its vastly superior sensitivity and speci- 
ficity of detection. Importantly, our assay allows for fast and 
simple visual assessment, without the need for specialized 
equipment or refrigeration, making it ideally suited for use 
under field conditions. 

In the future, a combination of our nanomaterial pre- 
sented here with portable biosensors should allow for the 
development of a vast array of applications for the detection 
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Figure 5. Detection of anti-EA1 antibodies using monomeric EA13ọ-MPH and self-assembled EA14ọ-MPH. a) The purified antibodies were detected 
using a BioTek enzyme standard instrument (Synergy H1). b) Representative samples are shown. c) Reactions in serum samples were measured 
using a spectrometer. d) Representative samples are shown. Each test was repeated at least three times. M13 phage antibodies were used as the 
negative control. The dashed line presents the cut-off value of 0.2 and a signal to noise ratio (S/N) of 22. 
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Figure 6. TEM images of the immunocomplexes of self-assembled 
EA139—MPH and antibodies/anti-anthrax antibodies modified magnetic 
particles. Scale bars: 1 um. 


of biological agents and diagnosis of infectious disease both 
in the clinic and the field. 


3. Conclusion 


Our work presented here demonstrated that the S-layer 
protein EA1 can self-assemble into 2D crystalline arrays 
in vitro, similar to the natural structure of S-layer in 
B. anthracis. Based on this observation, we developed a 
chimeric S-layer formed following the self-assembly of the 
fusion protein EA1;,.-MPH. The nanosized chimeric S-layer 
significantly improved the stability of MPH activity. We 
used this S-layer for detecting anthrax-specific antibodies in 
the serum samples of mice. Because of the high densities of 
capturing molecules and signal molecules, the nanostructure 
rapidly captured anthrax-specific antibodies from serum 
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samples, with a detection limit of 0.1 ng mL! by visual 
observations with a detection sensitivity 200-300 times 
higher than that for monomeric recombinant protein 
EA1,)-MPH. Therefore, the EA1-based nanomaterial con- 
structed in this study might be of use as a potential and effi- 
cient tool for both enhancement of enzymatic stability and 
early serological diagnosis of anthrax disease. In conclusion, 
our study further supports the notion that bionanomate- 
rials can be endowed with broad applications by coupling 
the intrinsic biological functions of biomolecules with their 
nanostructures. 


4. Experimental Section 


Plasmid, Strains, and Reagents: E. coli strain DH5a@ was used 
for cloning and E. coli M15 was used for protein expression. 
Plasmid pQE30 (Qiagen, Germany) was used to insert genes and 
transformed into either E. coli DH5q@ for cloning or E. coli M15 
for protein expression. Triton X-100, 1-ethyl-3-[3-dimethylamino- 
propyl] carbodiimide (EDC), N-hydroxysulfosuccinimide (sulfo- 
NHS), 2-(N-morpholino) ethanesulfonic acid (MES), and bovine 
serum albumin (BSA) were obtained from Sigma (USA). BCA Pro- 
tein Assay Kit was purchased from Thermo (USA). Restriction 
enzymes, DNA polymerase, and T4 ligase for plasmid construction 
were purchased from Takara (TaKaRa, Dalian, China). Parathion 
methyl was obtained from Amresco (USA). Goat anti-mouse IgG 
was purchased from Boster (BA1038, Wuhan, China). Carboxylated 
superparamagnetic iron oxide particles of 300 nm diameter were 
purchased from Ademtech (Pessac, France). All other reagents 
used were of analytical grade. 
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Construction of Recombinant Plasmids pQE3 9—EA13 9—MPH: 
Because of limited restriction sites in plasmids, we first con- 
structed pQE30-MPH, and then inserted eag (encoding EA1 pro- 
tein) gene at the N-terminus of MPH. To construct pQE30—MPH, 
the gene coding MPH was cloned from pET5a-MPHs using the 
primer sequences: 5’-ATATCIGCAGGCCGCACCGCAGGTG-3’ and 
5’-GTGAAGCTITTACTTGGGGTTGACGAC-3’. The conditions for PCR 
were as follows: 94 °C for 5 min; 94 °C for 30 s, 60 °C for 30 s, 
and 72 °C for 1 min for 35 cycles; and lastly 72 °C for 10 min. The 
PCR products were inserted into plasmid pQE30 after digestion 
with Pst | and Hind Ill, and the plasmid for recombinant protein 
expression was transformed into E. coli DH5a. The DNA sequence 
encoding the truncated form of EA1 missing 29 amino acids at its 
N-terminus was amplified by PCR from a previously reported con- 
struct!8! (extension step of 160 s for 35 cycles) with primers as 
below: 5’-TGTAGGATCCGCAGGTAAATCATTC-3’ and 5’-GCCGAGCTCTA- 
GATTTGGGTTATTA-3’. The PCR products were digested with BamHI 
and Sacl, and then inserted into plasmid named pQE30—MPH. 
Lastly, the recombinant plasmids pQE30—EA1;,—MPH were trans- 
formed into E. coli DH5œ and E. coli M15 for further study. 

Proteins Purification and Characterization: E. coli M15/pQE30- 
EA13)—MPH, E. coli M15/pQE30-EA13, and E. coli M15/pQE30- 
MPH were grown by shaking at 180 rpm at 37 °C in Luria-Bertani 
medium (LB broth: 10 g L! peptone, 5 g L! yeast extract, 10 g L7! 
NaCl, pH 7.0) supplemented with ampicillin (100 ug mL?) and 
kanamycin (50 ug mL) to an OD6oo nm Of 0.6. Cells were then 
induced with 1 x 10-3 m isopropyl B-p-1-thiogalactopyranoside 
(IPTG) for over 5 h at 28 °C. The cells were harvested by cen- 
trifugation at 6000 rpm at 4 °C for 10 min. The cells were resus- 
pended in buffer (20 x 10-3 m tris—HCl, 0.5 m NaCl, 10 x 10°? m 
imidazole, pH 7.9) containing 2 m guanidine hydrochloride. After 
30 min of ultrasonication, the cells were centrifugated at 10 000 
rpm at 4 °C for 30 min. The recombinant proteins in the superna- 
tant were purified using His Trap HP column (Novagen, USA), by 
stepwise application of binding buffer (20 x 107? m tris—HCl, 0.5 m 
NaCl, 10 x 10°? m imidazole, 2 m guanidine hydrochloride, pH 
7.9), washing buffer (20 x 107? m tris-HCl, 0.5 m NaCl, 40 x 107° m 
imidazole, 2 m guanidine hydrochloride, pH 7.9) and elution buffer 
(20 x 10-3 m tris-HCl, 0.5 m NaCl, 250 x 107° m imidazole, 2 m 
guanidine hydrochloride, pH 7.9). The purified proteins were dia- 
lyzed overnight at 4 °C against a buffer containing 50 x 10° m tris- 
HCl, 50 x 10-3 m NaCl pH 7.9, followed by 10% SDS-PAGE analysis. 
The concentrations of purified proteins were determined by BCA 
Protein Assay Kit (Thermo Fisher Scientific, America) using bovine 
serum albumin as a standard. 

Self-Assembly of EA1; and EA13;,.—MPH In Vitro and Transmis- 
sion Electron Microscopy Analysis: To investigate whether EA13, 
and EA13;).—MPH can be self-assembled in vitro or not, the puri- 
fied proteins were diluted into 30-100 ug mL? of assembly buffer 
(10 x 1073 m CaCl,, 0.5 x 107? m tris—-HCl, pH 9.0) and were incu- 
bated at 25 °C or 4 °C for 5-12 h. The self-assembly samples were 
then analyzed by electron microscopy. A droplet of self-assembly 
sample containing 30-50 yg mL? protein was placed onto a 
carbon-coated copper TEM grid for 5 min, and excess solution was 
removed with filter paper. The sample on TEM grids was stained 
with 2% phosphotungstic acid for 3 min, and the excess solution 
was removed with filter paper. The grids were examined with a FEI 
Tecnai G2 20 TWIN electron microscope operating at 200 kV after 
they were thoroughly air-dried. 
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Figure 1a,f show the S-layer sheets obtained from self- 
assembly of EA1;ọ and EA1;ọ-MPH, respectively. The enlarged 
TEM images of selected S-layer sheets were served as raw data 
(Figure 1b,g) to subject to Fourier transform processing. The raw 
data were transformed to Fourier space (Figure 1c,h) and then 
the filter FFT-maps (Figure 1d,i) (Here, FFT denotes fast Fourier 
Transform). The FFT maps were inverted back to the real maps 
(Figure 1e,j) by using DigitalMicrograph (Gatan Company). The 
differences between EA13, and EA13,—MPH in the distribution of 
diffraction spots in the Fourier maps clearly illustrate their different 
regular structures. 

Determination of Methyl Parathion Hydrolase Activity: Purified 
recombinant proteins EA1;,>-MPH/MPH were dialyzed in assembly 
buffer (10 x 107? m CaCl, 0.5 x 107° m tris-HCl, pH 9.0) and con- 
trol buffer (0.5 x 107° m tris-HCl, pH 7.0) for 24 h. Samples were 
stored at 4 °C and 37 °C at a concentration of 0.2-1 x 10° m, and 
their MPH activity measured at regular intervals. For this proce- 
dure, 0.125 x 10-3 m parathion methyl was dissolved in 20 x 107? m 
phosphate buffer (pH 7.0) and then used as the reaction substrate. 
In each test, 5 uL protein samples were incubated with 200 pL 
reaction buffer in 96-well plates (Jet Biofil, China) for 5-15 min 
at room temperature to produce yellow nitrophenol, which has a 
specific absorption wavelength of 405 nm. Then, the activity of 
MPH was determined by detecting the optical density at 405 nm 
(OD,05 nm) using a BioTek enzyme standard instrument (Synergy 
H1, BioTek, USA). 

Conjugation of Goat Anti-Mouse IgG to Magnetic Particles: The 
goat anti-mouse IgG (Boster BA1038, Wuhan, China) was conju- 
gated to magnetic iron oxide particles (Ademtech, Pessac, France) 
by chemical cross-linking. In brief, 30 mg mL“? carboxylated mag- 
netic particles of 50 uL were incubated with 1-ethyl-3-[3-dimethy- 
laminopropyl] carbodiimide (EDC) and N-hydroxysulfosuccinimide 
in MES-buffered saline (pH 4.7) at room temperature for 2 h to 
form an amine-reactive sulfo-NHS ester. The above solution was 
then added 30 pL goat anti-mouse IgG of 10 mg mL! was added 
to the above solution for 2 h in 37 °C to produce amide bonds 
between the particles and the IgG. The residual active coupling 
sites on the particles were blocked with 5% BSA at 37 °C for 2 h. 
Finally, the conjugates were washed three times and were stored 
in 0.01 MPBS at 4 °C until further analysis. 

Detection of Anthrax-Specific Antibodies by Self-Assembled 
FA13.-MPH: Six-week-old BALB/c mice were injected subcutane- 
ously with 105 vegetative cells of B. anthracis A16 for three times 
at 2 week intervals before boosting by injection of a double dose. 
The antibodies in these mouse sera were purified by caprylic acid— 
ammonium sulfate precipitation of ascites, and were then quan- 
tified by BCA Protein Assay Kit (Thermo Fisher Scientific, USA). 
Both antibodies and serum from mouse were used as samples for 
detection. First, a series of concentrations of antibodies as well as 
serum both diluted in PBS plus 1% BSA was incubated with the 
conjugates of goat anti-mouse IgG and magnetic particles at 37 °C 
for 20 min. After three washes with PBS containing 0.1% Tween 20 
(PBST) and magnetic separations, the precipitates were incubated 
with assembled and unassembled EA13;,—MPH (30-50 ug mL’) 
for 20 min at 37 °C. After the reaction was completed, the com- 
plexes were washed three times with sodium tetraborate solution 
(pH 9.5) to eliminate nonspecifically bound material. Finally, the 
absorbance of all supernatants was measured at 405 nm using a 
Biotek enzyme standard instrument (Synergy H1, BioTek, USA) by 
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incubation with 0.25 x 107° m parathion methyl of 100 uL at 37 °C 
and magnetic separation. 
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